The primary objectives of this study were to determine the prevalence of nonconvulsive seizures and nonconvulsive status epilepticus in patients with abusive head trauma who underwent electroencephalography (EEG) monitoring and to describe predictive factors for this population. Children with a diagnosis of abusive head trauma were studied retrospectively to determine the rate of EEG monitoring, the rate of nonconvulsive seizures and nonconvulsive status epilepticus, and the associated neuroimaging findings. Over 11 years, 73 of 199 (36.8%) children with abusive head trauma had electroencephalography monitoring performed. Of these, 20 (27.4%) had nonconvulsive seizures and 3 (4.1%) had nonconvulsive status epilepticus. The presence of subarachnoid hemorrhage and cortical T2 / fluid-attenuated inversion recovery signal abnormalities were both significantly associated with the presence of nonconvulsive seizures / nonconvulsive status epilepticus. Nonconvulsive seizures are relatively common in abusive head trauma and may go unrecognized. Specific neuroimaging characteristics increase the likelihood of nonconvulsive seizures on EEG.
Abusive head trauma is the leading cause of traumatic injury death to young children and infants. Abusive head trauma accounts for nearly two-thirds of infant homicides. 1 Infants and children who survive abusive head trauma have brain injury, eye injuries, and fractures in the acute stage. The majority of survivors suffer developmental delays, seizures, motor impairments, feeding difficulties and later behavioral and educational dysfunctions. 2 Victims of abusive head trauma may be at risk for nonconvulsive seizures and nonconvulsive status epilepticus. Nonconvulsive status epilepticus is defined as prolonged electrographic seizure activity resulting in nonconvulsive clinical symptoms, to include alteration of consciousness. 3, 4 Nonconvulsive seizures and nonconvulsive status epilepticus are associated with increased mortality and worse shortterm neurologic outcome in critically ill children. 5 Detection of nonconvulsive seizures by electroencephalographic (EEG) monitoring can allow for changes to clinical management to reduce seizures and improve outcome. 6 EEG monitoring may allow an opportunity for intervention to decrease seizures and improve the mortality and outcome of these children.
This study is a retrospective chart review to determine the prevalence of nonconvulsive seizures and nonconvulsive status epilepticus in patients with abusive head trauma who underwent EEG monitoring. Secondary aims were to determine magnetic resonance imaging (MRI) findings associated with nonconvulsive seizures and nonconvulsive status epilepticus and to determine developmental outcomes of patients with abusive head trauma and nonconvulsive seizures and nonconvulsive status epilepticus.
Patients and Methods
This is a retrospective chart review from an 11-year period from January 2001 to December 2011, with approval from the institutional review board at Cincinnati Children's Hospital Medical Center.
Subjects were included in this study if they were less than 24 months of age and carried a diagnosis of abusive head trauma. The diagnosis of abusive head trauma was made by a multidisciplinary child abuse team, including board-certified child abuse pediatricians, hospital social workers, investigative community children's services workers, prosecutors, and law enforcement officers.
For eligible subjects, it was determined by chart review whether EEG monitoring was obtained during the admission. All EEGs were performed using a continuous video EEG technique and using the standard 10/20 system of electrode placement, except when neurosurgical considerations related to wounds and drains required placement of fewer electrodes. If EEG monitoring was obtained, it was categorized as routine (<60 minutes in duration) or prolonged. Prolonged EEG monitoring was quantified in hours.
EEG Analysis
All EEG monitoring reports were reviewed for findings, if applicable. All records were reviewed by a pediatric epileptologist (HG) to determine presence of epileptiform discharges, nonconvulsive seizures, and/or nonconvulsive status epilepticus as defined by Abend et al. 7 
Brain MRI Analysis
For subjects identified with nonconvulsive seizures or nonconvulsive status epilepticus, all magnetic resonance imaging (MRI) neuroimaging reports were reviewed. In addition, a pediatric neuroradiologist (MC) blinded to EEG results reviewed all MRI neuroimaging completed within 14 days of diagnosis to identify intracranial findings, to include subdural, epidural, and subarachnoid hemorrhage, parenchymal hemorrhage, T2 / fluid-attenuated inversion recovery signal abnormality, diffusion restriction and edema. When potentially equivocal results existed for a particular variable, the variable was treated as positive, to best reflect clinical practices. For example, if an MRI was read as possible subarachnoid hemorrhage, that was interpreted as positive for subarachnoid hemorrhage.
Developmental Outcome
Further chart review was completed on each patient to look for evidence of developmental outcome, including diagnoses of developmental delays, therapy appointments, or follow-up in a postinjury clinic. The postinjury clinic is a consultation clinic for children with a history of abusive head trauma that provides developmental testing every 3 months to 1 year by a developmental pediatrician using the Mullen Scales of Early Learning, a comprehensive measure of cognitive functioning designed for use in children age birth through 68 months. In this study, testing results were used to assess the impact of nonconvulsive seizures on developmental outcome.
Statistical Analysis
Statistical analysis was performed using the Fisher exact test.
Results Demographics
Over an 11-year period, 199 subjects were identified with the diagnosis of abusive head trauma. These children ranged in age from 0.03 to 23.8 months, with an average age of 6.6 months. There were 122 males and 77 females ( Table 1) .
Of the 199 subjects with abusive head trauma, 73 (36.8%) had EEG monitoring during their admission hospitalization. For 59 of the 73 (81%), this consisted of a 1-hour routine EEG. Only 14 patients (19%) had a prolonged EEG. These ranged from 11 hours to 120 hours.
Prevalence of Nonconvulsive Seizures and Nonconvulsive Status Epilepticus
Of the 73 subjects with EEG monitoring, 20 (27.4%) had nonconvulsive seizures. Eleven of these subjects (55%) were identified with prolonged EEG, and 9 (45%) were identified with routine EEG. Three subjects (4.1%) had nonconvulsive status epilepticus. Two of the 3 subjects identified with nonconvulsive status epilepticus also had clinically apparent seizures. One was identified on routine EEG, 2 had prolonged EEGs (Figure 1 ).
MRI Findings
Of the 73 subjects with EEG monitoring, 50 (68.5%) had MRIs performed within 2 weeks of admission. Looking at this subset of children with EEG monitoring and MRI imaging, all 50 (100%) had subdural hemorrhage, 39 (78%) had subarachnoid hemorrhage, 20 (40%) had parenchymal hemorrhage and none had epidural hemorrhage. Thirty-four (68%) had diffusion restriction, 35 (70%) had acute T2 / fluid-attenuated inversion recovery signal abnormality, 15 (30%) had hippocampal signal abnormality, and 1 (2%) had contrast enhancement.
Two imaging findings were found to be significantly associated with the finding of nonconvulsive seizures on EEG: the presence of subarachnoid hemorrhage (Fisher exact test, P ¼ .010) and the presence of abnormal T2 / fluid-attenuated inversion recovery signal (Fisher exact test, P ¼ .019). The presence of parenchymal hemorrhage, diffusion restriction, MRI enhancement, and hippocampal signal abnormality was not associated with the presence of nonconvulsive seizures (Fisher exact test, P > .05) ( Table 2 ). There were 2 subjects in this subset who received both EEG monitoring and MRI who were identified with nonconvulsive status epilepticus, a 1.5-month-old female and an 8.5-oldmonth female. Both subjects were noted to have subdural hemorrhage, subarachnoid hemorrhage, T2 / fluid-attenuated inversion recovery signal abnormality, diffusion restriction, and hippocampal signal abnormality. Neither of these subjects had parenchymal hemorrhage or MRI enhancement (Figure 2 ).
Developmental Outcome
Sixty-one subjects out of the 73 (83.6%) with EEG monitoring had follow-up at the Children's Hospital, allowing for chart review of developmental outcome. Follow-up was defined as at least 1 subsequent appointment in any division within our hospital. Forty-five of the 61 subjects (73.8%) had evidence of developmental delay described in clinical or therapy notes. Fifteen of the 19 (78.9%) patients with nonconvulsive seizures on EEG during admission demonstrated developmental delay, whereas 30 of 42 (71%) subjects without nonconvulsive seizures on EEG during admission demonstrated developmental delay. There was no statistical difference between these 2 groups (Fisher exact test, P ¼ .75).
Forty-two subjects of 72 (58%) with EEG monitoring were followed up in the postinjury clinic. There were 26 subjects without nonconvulsive seizures on EEG monitoring who followed up in the postinjury clinic, and 23 (88%) of those had formal developmental testing. Of this group, 14 (61%) had evidence of developmental delay and 9 (39%) did not. There were 16 subjects with nonconvulsive seizures on EEG monitoring who followed up in the postinjury clinic, and 13 (81%) of them had formal developmental testing. Of this group, 10 (77%) had evidence of development delay and 3 (23%) did not. The difference between groups was not statistically significant (Fisher exact test, P ¼ .47).
All 3 subjects with nonconvulsive status epilepticus were followed in the postinjury clinic with formal developmental testing. All 3 demonstrated developmental delays.
Discussion

Key Findings
There has been increased focus on nonconvulsive seizures in high-risk neonates and critically ill children, yet the specific subpopulation of children with abusive head trauma has not been studied in a large sample. Previous studies have demonstrated a 20% to 23% prevalence of nonconvulsive seizures in critically ill adults [8] [9] [10] and a 30% to 47% prevalence in critically ill infants using prolonged EEG or continuous EEG monitoring. 6, [11] [12] [13] [14] Our retrospective study was limited by mostly brief (<60-minute) recordings and inconsistent practice patterns and indications for monitoring over time. Despite these limitations, we identified nonconvulsive seizures in more than one-quarter of children with abusive head trauma who had at least a routine EEG. Given that previous studies have found nonconvulsive seizures only after more than 1 hour of monitoring in over half of patients ultimately identified, the prevalence in our study is startling and likely represents a significant underestimate. Further, we identified key imaging predictors associated with an increased risk of nonconvulsive seizures. Because children with abusive head trauma are typically diagnosed using head computed tomography or brain MRI, this result is immediately clinically relevant to help guide selection of candidates for prolonged EEG monitoring.
Mechanisms of Epileptogenesis in Abusive Head Trauma
Abusive head trauma substantially increases risk of seizures compared to accidental head trauma. 15, 16 A small study performed by Hasbani and colleagues 17 suggests this very idea, finding nonconvulsive electrographic seizures in 8 of 12 (57%) children in the pediatric intensive care unit. Our study looked at 79 children with EEG monitoring and found a rate of 26.6%. The lower percentage found in our study may reflect a different/larger population, or may partially be because our study was not restricted to the intensive care unit.
Children with abusive head trauma also have worse outcomes than children with accidental traumatic brain injury. 18, 19 The exact reason for this is unclear, but it may be related to the different mechanisms of injury. A case series of 19 confessions of abusive head trauma from perpetrators found 13 confessions to involve shaking and impact, rather than impact alone. 20 Another series of confessions found 100% reporting violent shaking and only 24% reporting impact. 21 This mechanism of shaking alone, or shaking with impact, may result in increased 
Neurodevelopmental Outcome
Our study did not demonstrate worse developmental outcomes for children with nonconvulsive seizures compared to children without identified nonconvulsive seizures. However, the measures used for many patients were imprecise, amounting to obvious need for therapy. Rigorous developmental testing was not available in a majority of the study population; further studies using standardized developmental testing are necessary to determine if developmental outcome is worse in children surviving abusive head trauma complicated by nonconvulsive seizures. Previous studies in other populations have shown a correlation between nonconvulsive seizures and poor outcome. Morbidity of nonconvulsive seizures is high, 5 and identification of nonconvulsive seizures prompts management changes. 6 The question remains whether effective treatment or prevention of nonconvulsive seizures can improve morbidity or prognosis.
Neuroimaging Predictors of Nonconvulsive Seizures
We found an association between neuroradiologic findings of both subarachnoid hemorrhages and T2 / fluid-attenuated inversion recovery signal abnormality and nonconvulsive seizures. The literature reflects a rate of nonconvulsive seizures of around 7% to 20% in adult patients with subarachnoid hemorrhage; however, this includes nontraumatic cases. [23] [24] [25] In our study, nonconvulsive seizures were found in 41% of children with subarachnoid hemorrhage who had EEG monitoring. Although the true prevalence of nonconvulsive seizures in the entire population of children with abusive head trauma and subarachnoid hemorrhages is unknown, subarachnoid hemorrhage represents an obvious cortical irritant that can trigger seizures. Abnormal T2 / fluid-attenuated inversion recovery signal in the cerebral cortex is a sensitive biomarker for localized neuronal cytotoxic edema. It can be seen as both a cause and effect of seizures. The presence of subarachnoid hemorrhage and/or abnormal cortical T2 / fluid-attenuated inversion recovery signal should trigger a high suspicion for nonconvulsive seizures and therefore an indication for EEG monitoring.
Future Directions
Identification of nonconvulsive seizures and nonconvulsive status epilepticus by EEG changes management in most cases, requiring initiation and/or escalation of anticonvulsant therapy. 5 Further, patients with trauma as an etiology may be at increased risk for permanent structural changes after nonconvulsive status epilepticus. 6 Seizure prophylaxis in children and older adults with accidental head trauma is common, although still with controversy on timing and antiepileptic choice. 26, 27 This report suggests that children with abusive head trauma should be considered in further studies on efficacy of posttraumatic seizure prophylaxis.
Limitations
This study has limitations. Only 34.5% of children had EEG monitoring during admission for abusive head trauma. EEG ordering patterns were looked at over the time period of this study but a consistent trend was not identified (Figure 3) . Unfortunately, it was not possible to determine the reason for EEG monitoring in each case. It is likely that children with a more severe presentation received EEG monitoring and that the rate of nonconvulsive seizures for the nonmonitored may be lower. However, admission to the pediatric intensive care unit was not significantly associated with EEG monitoring or the finding of nonconvulsive seizures in this study, suggesting that illness severity may not have been a direct correlate to EEG monitoring. Nonconvulsive seizures may be underidentified in our population because it is reported that more than half of children found to have nonconvulsive seizures on EEG did so only after the first hour of monitoring and, therefore, would not be picked up by routine EEG.likely continue to improve and MRI will likely be completed earlier in the clinical course to assist with clinical decision making.
Conclusion
This study suggests that nonconvulsive seizures are relatively common in abusive head trauma patients and may go unrecognized. Subarachnoid hemorrhage and abnormal T2 / fluidattenuated inversion recovery signal abnormality on MRI increases the risk for nonconvulsive seizures. Identification of nonconvulsive seizures would change patient management. Further study is needed to determine if treatment will improve outcomes. EEG monitoring should be strongly considered in all cases of suspected abusive head trauma.
